Dinoflagellates are one of the most abundant and functionally diverse groups of 1 eukaryotes. Despite an overall scarcity of genomic information for dinoflagellates, 2 constantly emerging high-throughput sequencing resources can be used to characterize 3 and compare these organisms. We assembled de novo and processed 46 dinoflagellate 4 transcriptomes and used a sequence similarity network (SSN) to compare the underlying 5 genomic basis of functional features within the group. This approach constitutes the most 6 comprehensive picture to date of the genomic potential of dinoflagellates. A core proteome 7 composed of 252 connected components (CCs) of putative conserved protein domains 8 (pCDs) was identified. Of these, 206 were novel and 16 lacked any functional annotation 9 in public databases. Integration of functional information in our network analyses allowed 10 investigation of pCDs specifically associated to functional traits. With respect to toxicity, 11 sequences homologous to those of proteins involved in toxin biosynthesis pathways (e.g.
INTRODUCTION 23
Dinoflagellates are unicellular eukaryotes belonging to the Alveolata lineage have been identified as key players that drive in situ planktonic interactions in the ocean (Lima-Mendez et al. 2015) . environmental investigations of protistan ecology and evolution involve genomic and domains), and sxtG hits belonged to 1 CC composed of 3 protein-coding domains. Of the unannotated. A single InterPro functional annotation was found for the CC involving sxtG amidinotransferase domain that is known as a sxtG protein domain (Tab. S14). phosphoadenosine phosphosulfate reductase), cell recognition processes (merozoite surface protein), and highlighted in cnidarian-algal symbiosis (peroxiredoxin, ferritin) (Tab. functionally annotated. Among those that could be annotated, 73.8% of the protein-coding complex". With respect to biological process, 31.9% were involved in ion transport while 254 23.8% were involved in proteolytic processes (Tab. S16). Looking at taxonomic 255 distribution, we found that the 189 CCs were dominated by protein-coding domains 256 belonging to Symbiodinium spp. (1679 protein-coding domains from the 187 CCs and 13 257 protein-coding domains from the 2 CCs). Pelagodinium beii was represented by 211 258 protein-coding domains spread across the 187 CCs. Finally, few protein-coding domains 259 (respectively 8 and 1) of Gymnodinium radiolariae and Brandtodinium nutricula were found 260 within the 189 "symbiosis" trait-CCs.
261
The 52,491 "symbiosis" trait-CCs (composed of 130,673 protein-coding domains that lack of 1e-3) revealing 495 protein-coding domains with sequence identity higher than 80%.
264
These 495 protein-coding domains belonged to 298 CCs, which were composed of 919 265 protein-coding domains in total. Finally, 52,193 "symbiosis" trait-CCs were completely 266 unannotated.
267

DISCUSSION
268
Pipeline efficiency & sequence similarity network 269
Our de novo assembly and downstream pipeline analysis of multiple dinoflagellate 270 transcriptomes overcame several biases inherent to de novo assembly processes (Fig. 
271
S5). For instance, the protein-coding domain prediction step we performed contributed to 272 selection of transcripts in which ORFs and protein domains were detected but also allowed 273 removal of truncated or chimeric transcripts (Yang & Smith 2013) . Protein-coding domains 274 derived from high quality transcriptomes enabled construction of sequence similarity networks to focus on shared protein-coding domains among multiple proteomes.
coding genes in dinoflagellates . The median length of the protein- 
283
Sequence similarity networks represent an informative and pragmatic way to study 284 massive datasets (Atkinson et al. 2009; Alvarez-Ponce et al. 2013; Cheng et al. 2014; 285 Forster et al. 2015; Méheust et al. 2016) . In (Cheng et al. 2014) , 84 genome-derived 286 proteomes of prokaryotes (i.e. 128,628 sequences) were used to study the impact of redox 287 state changes on their gene content and evolution. The authors found that the core CCs 288 revealed a correlation between their network structure and differences in respiratory 289 phenotypes. Our SSN has allowed simultaneous exploration of 46 transcriptome-derived 290 proteomes (1,275,911 sequences), including their overwhelming "dark matter" (i.e. here 291 protein-coding domains totally lacking functional annotation). High identity and coverage 292 threshold values used in our analyses to filter alignments ensured that only high quality 293 alignments were included in the network (Bittner et al. 2010) . The integration of 4 new 294 dinoflagellate proteomes represented an increase of 14% of protein-coding domains in the approach allow generation and testing of original hypotheses about the genomic basis for evolutionary history and life style, functional traits, and specificities of dinoflagellates.
Large-scale comparison of dinoflagellate proteomes 300
The SSN analyses allowed characterization of the core and accessory proteomes 301 for this large dataset of non-model organisms. Because our analysis relied on a de novo 302 assembled, transcriptome-derived, proteome SSN rather than classical knowledge-based 303 genomics, it also promoted discovery of new CCs, each of which can be functionally 304 assimilated to a single putative conserved protein-domain (pCD) in such non-model 305 organisms (Lopez et al. 2015) (Fig. S6 ).
306
The core dinoflagellate proteome identified in our analysis was composed of 252 307 pCDs ( Fig. 1A) , a size that falls in the range of the latest estimates for bacteria (352 core 308 genes) (Yang et al. 2015 ) and eukaryotes (258 core genes in CEGMA, and more recently 309 429 single-copy orthologs in BUSCO) (Parra et al. 2007; Simão et al. 2015) . The 310 extrapolation of the number of core CCs does not saturate, suggesting that the number of 311 core CCs for dinoflagellates could be less than 256. It also suggests that dinoflagellates 312 expressed only a fraction of core eukaryote genes referenced in databases. Our 313 comparative analysis with the most up-to-date eukaryotic orthologous gene database 314 BUSCO strongly stresses the need to generate more gene and protein data for non-model 315 marine organisms in order to populate reference databases (Armengaud et al. 2014) . The 316 small overlap between core dinoflagellate pCDs identified here and the BUSCO database 317 suggests that essential functions expressed by dinoflagellates are distantly related to 318 those of current model eukaryotes.
319
Our SSN constitutes a strong basis for exploration and refinement of functional 320 annotations as our dataset encompassed a broad range of dinoflagellate taxa according 321 to recent phylogenetic analyses (Bachvaroff et al. 2014; Janouškovec et al. 2016) .
not include representatives of all described dinoflagellate lineages, and ii-relied on transcriptomic (i.e. gene expression) data that can vary according to eco-physiological 325 conditions and/or life-cycle stage. The content of our SSN can be updated permanently to 326 refine these estimates as new dinoflagellate genomic data are accumulated (Shoguchi et 327 al. 2013; Lin et al. 2015; Aranda et al. 2016) . 236 (93%) core CCs involving one or more 328 functionally annotated protein-coding domains ( Fig. 2B ) can be exploited to extend 329 annotation to other aligned protein-coding domains within each CC, therefore leading to a 330 more comprehensive pCD description. For instance, looking for the HSP70 conserved 331 protein domain, which is ubiquitous in all eukaryotic organisms (Germot & Philippe 1999 ),
332
we found 320 protein-coding domain sequences annotated as HSP70, all belonging to a 333 single CC composed of 328 protein-coding domain sequences. The 8 remaining protein-334 coding domain sequences were either imprecisely annotated as chaperone DnaK (1 335 sequence), cyclic nucleotide-binding domain (2 sequences), heat shock protein 70 family 336 (3 sequences) or annotation was simply missing (2 sequences) (Tab. S17). As this CC 337 was 97% represented by HSP70 annotation, it is reasonable to extend this annotation to 338 all protein-coding domain sequences forming the connected component. Considering only
339
CCs that were at least half composed of annotated protein-coding domain sequences, this 340 approach could be applied to complement the functional characterization of 49 CCs (583 341 unannotated protein-coding domains) through extension of functional annotations.
342
Relatively few previous studies have relied on functional aspects such as protein 343 alignments to investigate dinoflagellate phylogeny. A recent study used for the first time a refining dinoflagellate phylogeny, increasing by nearly 200% the quantity of information available for such studies.
(Alexandrium catenella, Kryptoperidinium foliaceum, Protoceratium reticulatum and domains with sxtA. These results alone are not sufficient to prove toxin production and endosymbiosis (Charpentier et al. 2008; Matzke et al. 2009 ). This suggests that symbiotic associated to symbiotic species were functionally annotated (Tab. S19) which implies that 451 a large suite of uncharacterized functions are specifically associated to symbiotic 452 dinoflagellates. 129,754 protein coding domains from 52,193 "symbiosis" trait-CCs 453 remained unannotated according to the InterPro and nr databases. We found 187 distinct species were exclusively composed of unannotated domains, suggesting that 459 these 2 CCs represent pCDs with fundamental, yet unknown, functions constitutively 460 expressed by symbiotic species. Overall, our analyses demonstrate that SSN has 461 significant potential to reveal the variety of annotated and unknown pCDs that constitute 462 good candidates for further study to characterize and understand the genomic basis of 463 symbioses involving dinoflagellates.
464
M&M
465
Dataset building 466
The dataset used in our study included all dinoflagellate transcriptomes available 467 in the MMETSP project repository (http://marinemicroeukaryotes.org/resources) as well 468 as 4 transcriptomes generated for this study (more details in the following section) ( Fig. (Tab. 1). Taxonomy and functional trait information (i.e. chloroplast occurrence and origin, trophic mode, harmfulness for humans, ability to live in symbiosis, to perform kleptoplasty, 474 to be a parasite or to be toxic for fauna) were indicated for each organism considered Culturing and RNA sequencing for four dinoflagellate strains 477
Free-living clonal strains of the dinoflagellate species Brandtodinium nutricula 478 (RCC3468) (Probert et al. 2014) and Gymnoxanthella radiolariae (RCC3507) (Yuasa et 
512
RNA-Seq library preparations were carried out from 1 µg total RNA using the 513 TruSeq Stranded mRNA kit (Illumina, San Diego, CA), which allows mRNA strand 514 orientation. Briefly, poly(A) + RNA was selected with oligo(dT) beads, chemically 515 fragmented and converted into single-stranded cDNA using random hexamer priming.
516
Then, the second strand was generated to create double-stranded cDNA. Strand 
524
Data filtering and de novo assembly 525
For each strain considered (Tab. S7 and our 4 strains), sequenced reads were core eukaryotic gene set (Simão et al. 2015) , (ii) the UniProtKB/Swiss-Prot database, and our investigations on 117 sxtA1-4 and 20 sxtG sequences from (Murray et al. 2015 
